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ABSTRACT: Stable isotope systems of iron, copper, and zinc have emerged as powerful tracers in understanding metal 

sources, migration, and deposit formation processes. Accurate and precise determination of Fe, Cu, and Zn isotopic compositions in 

sulfide minerals, especially in simple-matrix minerals characterized by their relatively pure composition, with low content of impurity 

elements and few interfering components, requires matrix-matched reference materials to validate analytical methods, particularly 

for direct analysis protocols without column chromatography. This 

study introduces a suite of novel secondary reference materials 

(NWU-Fe, NWU-Cu, and NWU-Zn sulfide powders) developed to 

address the critical gap in calibration standards for direct isotopic 

analysis without column chemistry of simple-matrix minerals. These 

sulfide powders exhibit excellent homogeneity and stability, fulfilling 

the requirements for high-precision determination of Fe, Cu, and Zn 

isotope ratios using MC-ICP-MS without column chemistry. 

Reference values were derived from interlaboratory comparisons 

across three independent laboratories. The isotopic compositions (δ-

values), reported in per mil notation relative to international standards 

(IRMM-014 for Fe, NIST SRM-976 for Cu, and JMC-Lyon for Zn), 

are as follows: δ56Fe = -0.38 ± 0.03‰ (2s), δ65Cu = 0.44 ± 0.04‰ 

(2s), δ66Zn = -0.04 ± 0.02‰ (2s). This study provides a robust 

calibration framework for Fe-Cu-Zn isotopic studies in geochemistry 

and environmental science. 
 

INTRODUCTION 

Significant advances in multi-collector inductively coupled 

plasma mass spectrometry (MC-ICP-MS) and high-precision 

analyses of stable Fe, Cu and Zn isotopes have been widely used 

in mineral deposits1-4, earth-surface processes5, 6, cosmochemistry7, 

palaeoceanography8, archaeology9, and medical science10, 11. 

High-precision and high-accuracy measurements are essential for 

the application of Fe, Cu, and Zn isotopes as geochemical proxies, 

given the limited isotopic fractionation in natural samples. In 

traditional analytical methods, column chromatography is a 

prerequisite for the purification of Fe, Cu, and Zn fractions from 

complex geological samples, effectively minimizing potential 

matrix effects and isobaric interferences. However, this process is 

labor-intensive and time-consuming, often involving the use of 

hazardous chemicals and generating significant waste. In previous 

studies, the purification of Fe-Cu-Zn fractions through column 

chromatography with a high yield used different cation-exchange 

resins, acids, and columns12-18. Nevertheless, the determination of 

Fe-Cu-Zn isotopic compositions has traditionally relied on bulk 

rock or bulk mineral concentrate analyses following separation 

and purification by column chromatography, a complicated and 

labor-demanding process due to the presence of complex matrix 

elements.  
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Recently, in situ Fe, Cu, Zn isotope analysis of Fe, Cu, Zn-

dominated minerals have been developed by using laser ablation 

(LA-) combined with MC-ICP-MS, suggesting Fe-Cu-Zn 

isotopes with good accuracy and precision can be obtained without 

column chromatography19-28. Specifically, femtosecond laser 

(fsLA-) and nanosecond laser (nsLA-) have been used to evaluate 

matrix effects during Fe isotope analysis, with water addition 

during fsLA-MC-ICP-MS analysis significantly reducing these 

effects and enabling precise measurements to the ~0.1‰ level 

with non-matrix-matching calibration27. Similar approaches have 

been successfully applied to Cu and Zn isotopes, with accurate 

ratios obtained under wet plasma conditions20, 24, 28. These findings 

indicate that Fe, Cu, and Zn isotope ratios of Fe, Cu, and Zn-

dominated minerals could be accurately measured without 

chemical purification, while water addition simulates a wet plasma 

condition, which is often more resistant to matrix effects. 

Most recently, the direct measurement of Fe, Cu, and Zn isotope 

ratios in diverse minerals and the associated matrix effects have 

been thoroughly investigated29-31. Reliable data for Fe, Cu, and Zn 

isotopes can be respectively obtained in simple matrix minerals 

without chromatographic separation. Zhang et al. (2020)29 used 

the standard-sample bracketing (SSB) technique with Ga as an 

internal standard to determine Cu isotope ratios in twelve Cu-

dominated minerals. The measured δ65Cuwithout−with values range 

from −0.04‰ to +0.02‰, indicating that accurate and precise Cu 

isotope ratios in Cu-dominated minerals can be achieved without 

column chromatography. Fe isotope ratios of 40 iron-dominated 

material/mineral samples without column chromatography were 

investigated by Chen et al. (2022)30 using the SSB technique. The 

δ56Fewithout–with values ranging from -0.06‰ to +0.06‰ indicate 

that Fe isotope ratios in Fe-dominated minerals can be achieved 

without column chromatography, due to the simple matrix and the 

stability of the machine in high-resolution wet plasma condition. 

Moreover, Nie et al. (2022)31 directly determined Zn isotopes in 

sphalerite samples and Zn-rich minerals without column 

separation. The SSB technique with Cu as the internal standard 

was used to correct the instrumental mass bias, and the results 

showed that Zn isotopic ratios obtained without column 

chromatography are consistent with those obtained with column 

chromatography, and the δ66Znwithout–with and δ67Znwithout–with values 

range from -0.04 to +0.01‰ and from -0.06‰ to +0.01‰, 

respectively. These reproducible results demonstrate that, simple-

matrix minerals, such as Fe, Cu, and Zn-dominated minerals (e.g., 

pyrite, chalcopyrite, and sphalerite), are a critical group of 

minerals that can be analyzed without complex chemical 

purification protocols. These minerals are characterized by their 

relatively pure composition, with low content of impurity 

elements and few interfering components. These minerals are 

widely distributed in various types of ore deposits and surficial 

environments, serving as key carriers for metal isotope tracing and 

playing an irreplaceable role in studies on ore genesis and element 

migration29-31. The simplicity of their matrix is crucial for 

achieving high-precision isotopic measurements, as it minimizes 

potential matrix effects and isobaric interferences that are common 

in more complex geological samples. This simplicity also enables 

direct isotopic analysis using MC-ICP-MS. The advantages of this 

method include reduced reagent consumption, lower 

environmental impact, faster sample throughput, and enhanced 

laboratory safety. 

The advancements in direct determination of Fe-Cu-Zn isotopes 

have been successfully applied in samples with simple matrices, 

such as sulfides, oxides and elemental substances, in geological 

research32-38. In traditional column chemistry, reference materials 

are indispensable for ensuring the accuracy and precision of 

isotopic measurements by validating analytical methods, 

especially for complex matrix samples such as bulk rock. Similarly, 

for simple matrix minerals, reference materials are crucial for 

validating direct analysis methods and ensuring reliable results. 

However, matrix-matched reference materials for direct Fe, Cu, 

and Zn isotope analysis without column chromatography have not 

been widely reported. 

This study focuses on ore minerals with simple matrices, 

enabling direct isotopic analysis without chemical purification. We 

developed a method for the rapid and accurate determination of Fe, 

Cu, and Zn isotope compositions using MC-ICP-MS. To ensure 

the accuracy and reliability of this method, it is essential to develop 

ore mineral reference materials that are matrix-matched and have 

homogeneous isotope compositions. These materials will serve as 

robust quality-control standards for Fe, Cu, and Zn isotope 

analysis. 

EXPERIMENTAL 

Apparatus and reagents. Candidate reference material sulfide 

powders (pyrite, chalcopyrite and sphalerite) were respectively 

prepared in a Class 1000 clean room at the State Key Laboratory 

of Continental Evolution and Early Life (SKLCEEL), Department 

of Geology, Northwest University, Xi’an, China. A Savillex® 

DST-1000 acid purification system was used to purify acids, 

including HCl, HNO3 and HF. Deionised water with a resistivity 

of 18.0 MΩ cm-1 was obtained from a Milli-Q water purification 

system (Millipore, Bedford, MA, USA). The Savillex® vials were 

cleaned in hot (130 oC) GR grade HNO3 for 1 day and GR grade 

HCl for 1 day, followed by 1 day in hot high-purity HCl, 1 day in 

hot high-purity HNO3, and 1 day in hot deionised water followed 

by rinsing in cold deionised water. 

Preparation of candidate sulfide reference materials. 

Candidate sulfide reference materials were prepared from sulfide 

reference materials GBW07267, GBW07268 and GBW07270, 

purchased by the Institute of National Research Center for 

Geoanalysis, CAGS (Fig. 1). These certified reference materials are
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Fig. 1 Photographs of the collected sulfide reference materials. 

Table 1. The major and trace element compositions of three sulfide 

reference materials 

 

are originally issued in small lots of ≈ 10 g per bottle. The major 

and trace element compositions of the sulfide reference materials 

are listed in Table 1, and the specific concentrations, directly 

retrieved from GeoReM - the Reference Material Database, are 

provided in Table S1. Approximately 300 g of each sulfide 

reference material was homogenised in a single FEP bottle by 

thorough shaking, then subdivided into fifty 6 g aliquots, each 

placed in a 10 mL polypropylene bottle and sealed for storage. 

These powders were used to test for isotopic homogeneity. The 

candidate pyrite (NWU-Fe), chalcopyrite (NWU-Cu) and 

sphalerite (NWU-Zn) reference materials were stored in an 

electronic drying box. 

Digestion of sulfide reference materials. All chemical 

experiments were carried out at SKLCEEL. Approximately 5 mg 

of each sulfide reference material was weighed in the 15 mL pre-

cleaned PFA vials. Each sulfide reference material was dissolved 

in 0.5 mL of concentrated HCl-HNO3 (3:1, v/v) mixture twice at 

80 oC for 12 h in a capped vial to ensure full dissolution. All 

dissolved samples were evaporated to dryness. Then all dried 

samples were re-dissolved in concentrated HNO3 two times to 

ensure that the medium was completely converted to HNO3 and 

evaporated to dryness again. Finally, all samples were individually 

dissolved in 3 mL of 2% HNO3 (v/v) for the following experiment. 

Chemical separation. Some samples were re-dissolved for the 

subsequent ion-exchange separation to obtain reference values to 

evaluate their suitability as a reference material using the without 

column chromatography method. For NWU-Fe, the column 

chromatography procedure followed was described by Chen et al. 

(2022)30. The dissolved samples were evaporated to dryness. Then 

all dried samples were redissolved with 1 mL of 6 mol L-1 HCl and 

50 μL of H2O2, and they were subsequently evaporated to dryness 

again. This was done to eradicate possible organics and ensure that 

Fe was present as ferric iron in the solution. Finally, all samples 

were individually dissolved in 0.5 mL of 6 mol L-1 HCl + 0.01% 

H2O2 for chemical chromatography procedures. The resin column 

was cleaned alternatively with deionised water, 8 mol L-1 HNO3, 

deionised water, 0.4 mol L-1 HCl and deionised water two times. 

After conditioning with 1 mL of 6 mol L-1 HCl + 0.01% H2O2, the 

dissolved sample containing 20 μg Fe was loaded into the column 

followed by loading 4 mL of 6 mol L-1 HCl + 0.01% H2O2 to elute 

most matrix elements. Fe fraction was eluted and collected with 

5.5 mL of 0.4 mol L-1 HCl + 0.01% H2O2. The collected Fe 

fractions were dried up and dissolved in concentrated HNO3 and 

H2O2 to remove possible organic matter during ion exchange 

column chromatographic separation. Then the dissolved solutions 

were re-evaporated to dryness. For NWU-Cu, the column 

chromatography procedure followed was described by Liu et al. 

(2014) and Zhang et al. (2020)14, 29. After cleaning the resin, 12mL 

of 8 mol L-1 HCl + 0.001% H2O2 was added to the column for 

conditioning. Then the dissolved sample containing about 20 µg 

Cu was loaded into the column followed by loading 8 mL of 8 mol 

L-1 HCl + 0.001% H2O2 to elute most matrix elements. Cu was 

collected in 22 mL of 8 mol L-1 HCl +0.001% H2O2. The collected 

Cu fractions were evaporated to dryness and dissolved in 

concentrated HNO3. Then the dissolved solutions were re-

evaporated to dryness. For NWU-Zn, the column chromatography 

procedure was described in Chen et al. (2016) and Nie et al. 

(2022)31, 39. The dissolved samples were evaporated to dryness, 

and then all dried samples were redissolved with 6 mol L-1 HCl for 

chemical chromatography procedures. After washing the resin 

with 2 mL of 0.5 mol L-1 HNO3 and 2 mL of 6 mol L-1 HCl, 10 

mL of 6 mol L-1 HCl was then added to the column for 

conditioning. The dissolved sample containing 20 µg of Zn was 

loaded, followed by loading 4 mL of 6 mol L-1 HCl to elute most 

matrix elements. Subsequently, the Co, Cu, Ga, and Fe were eluted 

using 6mL of 0.5 mol L-1 HCl. Zn was collected in 10 mL of 0.5 

mol L-1 HNO3. The collected Zn fractions were evaporated to 

dryness and dissolved in concentrated HNO3. Then the dissolved 

solutions were re-evaporated to dryness. Before Fe-Cu-Zn isotope 

analysis, the samples were dissolved with 2% HNO3 (v/v). 

The total procedural blanks (from sample dissolution to mass 

spectrometry) were 5 ng for Fe, 2 ng for Cu, and 8 ng for Zn, which 

are negligible compared with 20 μg in samples loaded into the 

columns. Recoveries of Fe, Cu, and Zn were 99.5%, 99.8%, and 

99.3%, respectively.  

Mass spectrometry. Iron, Cu, and Zn isotopic compositions of 

sulfide reference materials were determined by using a double-

focusing Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, 

Bremen, Germany) at SKLCEEL. This instrument is equipped 

with eleven Faraday cups and five discrete dynode multipliers. 

The RF power was 1300 W. A ‘wet’ plasma with a standard sample 

cone, an H skimmer cone, a cyclone/double-pass spray chamber, 

and a low-flow PFA nebuliser (50 µL/min) was used to determine  

RMs Mineral Major 

elements 

Trace elements 

GBW07267 pyrite S, Fe Ag, As, Bi, Cd, Co, Cu, Ga, Ge, 

Sb, Se, Sn, Te, Mn, Ni, Pb, Zn 

GBW07268 chalcopyrite S, Cu, Fe Ag, As, Bi, Cd, Co, Ga, In, Sb, 

Se, Sn, Te, Mn, Ni, Pb, Zn 

GBW07270 sphalerite Zn, S, Fe Ag, As, Bi, Cd, Co, Cu, Ga, Ge, 

In, Sb, Se, Sn, Te, Mn, Ni, Pb 
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Table 2. Results of homogeneity testing of between-bottle for the Fe-Cu-Zn isotopic ratios of NWU-Fe, NWU-Cu and NWU-Zn 

Bottle No. 
 δ56Fe   δ65Cu   δ66Zn  

𝑿𝒊𝟏 𝑿𝒊𝟐 𝑿𝒊 𝑿𝒊𝟏 𝑿𝒊𝟐 𝑿𝒊 𝑿𝒊𝟏 𝑿𝒊𝟐 𝑿𝒊 

3 -0.35 -0.37 -0.36 0.44 0.40 0.42 -0.06 -0.05 -0.06 

8 -0.33 -0.34 -0.33 0.45 0.41 0.43 -0.06 -0.06 -0.06 

9 -0.37 -0.34 -0.35 0.44 0.41 0.42 -0.06 -0.06 -0.06 

12 -0.33 -0.33 -0.33 0.44 0.43 0.44 -0.06 -0.06 -0.06 

15 -0.34 -0.36 -0.35 0.43 0.43 0.43 -0.05 -0.06 -0.05 

19 -0.33 -0.34 -0.35 0.43 0.41 0.42 -0.07 -0.06 -0.06 

22 -0.35 -0.35 -0.35 0.44 0.43 0.44 -0.05 -0.05 -0.05 

26 -0.33 -0.36 -0.34 0.43 0.45 0.44 -0.05 -0.06 -0.05 

30 -0.34 -0.34 -0.34 0.45 0.44 0.45 -0.06 -0.06 -0.06 

34 -0.35 -0.35 -0.35 0.45 0.42 0.43 -0.05 -0.06 -0.06 

38 -0.37 -0.34 -0.36 0.44 0.42 0.43 -0.05 -0.07 -0.06 

42 -0.36 -0.37 -0.37 0.41 0.39 0.40 -0.06 -0.06 -0.06 

44 -0.35 -0.33 -0.34 0.40 0.39 0.39 -0.07 -0.06 -0.06 

46 -0.35 -0.37 -0.36 0.41 0.39 0.40 -0.06 -0.05 -0.06 

50 -0.38 -0.36 -0.37 0.40 0.42 0.41 -0.05 -0.04 -0.05 

 

 

Table 3. ANOVA statistics for homogeneity testing of Fe-Cu-Zn isotopic 

ratios of NWU-Fe, NWU-Cu and NWU-Zn 
 δ56Fe δ65Cu δ66Zn 

n 2 

m 15 

𝑺𝑺𝐚𝐦𝐨𝐧𝐠 0.0047 0.0070 0.0008 

𝑺𝑺 𝐰𝐢𝐭𝐡𝐢𝐧 0.0035 0.0041 0.0007 

𝒗𝐚𝐦𝐨𝐧𝐠 14 

𝒗𝐰𝐢𝐭𝐡𝐢𝐧 15 

F 1.95 1.82 1.28 

𝑭𝐜𝐫𝐢𝐭𝐢𝐜𝐚𝐥 2.42 

 

Fe-Cu-Zn isotopic ratios. During Fe isotope analysis, L2, L1, C, 

H1, H3 and H4 Faraday cups equipped with 1011 Ω amplifier 

resistors were used to collect 52Cr, 53Cr, 54Fe+54Cr, 56Fe, 57Fe and 
58Fe+58Ni, respectively. In order to separate the Fe ions from the 

molecular interfering ions, the mass resolution was set at medium 

resolution (m/m = ~5000), and the measurement position was set 

at the center of the shoulder plateau on the Fe mass spectrum peak. 

The observed 53Cr/52Cr ratios (53Cr/52Cr = 0.113887) were used for 

calculating the mass bias factor with the exponential law, and 52Cr 

(54Cr/52Cr = 0.028222) and 53Cr (54Cr/53Cr = 0.247807) were 

monitored to subtract the interference of 54Cr on 54Fe isotopes with 

the exponential law, respectively. The standard-sample bracketing 

(SSB) method was selected to correct the instrumental mass bias. 

Iron isotope results were firstly expressed as a per mil deviation 

relative to the in-house standard NWU-Fe and then converted into 

values relative to the reference material IRMM-014. During the 

Cu isotope analysis, L4, L2, H2 and H4 Faraday cups were used 

to collect 63Cu, 65Cu, 69Ga and 71Ga, respectively. The SSB method 

combined with NIST SRM 994 Ga (69Ga/71Ga = 1.50676) as an 

internal reference material was selected to correct the instrumental 

mass bias. The in-house standard NWU-Cu-B served as a 

bracketing standard. Copper isotope results were firstly expressed 

as a per mil deviation relative to the NWU-Cu-B and then 

converted into values relative to the reference material NIST SRM 

976. During Zn isotope analysis, L3, L2, L1, C, H1, H2, and H3 

Faraday cups were used to collect 62Ni, 63Cu, 64Zn, 65Cu, 66Zn, 67Zn, 

and 68Zn, respectively. Zinc isotope ratios were measured in 

medium-resolution mode to resolve potential polyatomic 

interferences. The SSB method combined with NWU-Cu-B 

(65Cu/63Cu = 0.44689) as an internal reference material was 

selected to correct the instrumental mass bias. The in-house 

standard solution NIST SRM 683 served as a bracketing calibrator. 

Zinc isotope results were firstly expressed as a per mil deviation 

relative to the NIST SRM 683 and then converted into values 

relative to the reference material JMC-Lyon.  

Iron, Cu and Zn isotopic values relative to IRMM-014, NIST 

SRM 976 and JMC-Lyon, respectively, were calculated as follows: 

δ56Fe = ((56Fe/54Fe)sample / (56Fe/54Fe)IRMM014 -1)*1000  (1) 

δ65Cu = ((65Cu/63Cu)sample / (65Cu/63Cu)NIST SRM976 -1)*1000  (2) 

δ66Zn = ((66Zn/64Zn)sample / (66Zn/64Zn)JMC-Lyon -1)*1000   (3) 

The detailed mass spectrometry analyses for Fe, Cu and Zn can 

be found in Chen et al. (2022), Zhang et al. (2020) and Nie et al. 

(2022), respectively29-31. 

RESULTS AND DISCUSSION 

Homogeneity of sulfide reference materials. All isotopic 

measurements for the homogeneity assessment were performed 

using MC-ICP-MS without column chemistry. Homogeneity is a 

critical requirement for reference materials and was ensured in this 

study by adhering to international regulations for reference 

material preparation (ISO Guide 35 2006). Isotopic data for the 

homogeneity test of sulfide powders were collected under strict 

repeatability conditions, ensuring consistency across 

measurements. All analyses were conducted in the SKLCEEL using 
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Table 4. Long-term stability results of Fe, Cu and Zn isotopic compositions over 36 months 

Time 
δ56Fe 2s n a 

Time 
δ65Cu 2s n a 

Time 
δ66Zn 2s n a 

(month) (month) (month) 

0 -0.31 0.06 8 0 0.42 0.04 49 0 -0.06 0.03 40 

2 -0.34 0.04 12 1 0.43 0.02 41 2 -0.05 0.03 20 

5 -0.36 0.04 41 3 0.44 0.04 36 5 -0.05 0.03 32 

7 -0.33 0.05 9 5 0.46 0.02 12 7 -0.06 0.02 120 

9 -0.35 0.04 90 6 0.45 0.03 10 8 -0.03 0.03 8 

12 -0.37 0.04 14 9 0.45 0.01 12 11 -0.02 0.03 10 

15 -0.33 0.05 5 11 0.44 0.03 11 13 -0.05 0.02 20 

17 -0.35 0.03 6 12 0.43 0.03 19 14 -0.02 0.03 6 

20 -0.31 0.06 3 14 0.43 0.04 24 16 -0.05 0.02 24 

22 -0.36 0.04 33 15 0.42 0.04 120 18 -0.02 0.04 6 

24 -0.35 0.07 21 17 0.41 0.05 48 20 -0.04 0.02 8 

26 -0.36 0.04 30 20 0.39 0.02 24 22 -0.04 0.03 8 

28 -0.35 0.05 12 23 0.43 0.03 35 24 -0.06 0.01 20 

30 -0.36 0.03 13 24 0.39 0.01 5 26 -0.03 0.01 4 

31 -0.37 0.03 10 25 0.43 0.03 6 27 -0.07 0.02 20 

33 -0.35 0.06 30 27 0.45 0.02 8 29 -0.03 0.02 8 

34 -0.35 0.07 22 29 0.45 0.02 13 30 -0.03 0.02 12 

36 -0.35 0.06 15 30 0.45 0.02 12 32 -0.07 0.02 22 

    31 0.41 0.03 11 33 -0.05 0.01 4 

    32 0.39 0.04 12 34 -0.08 0.02 12 

    34 0.41 0.03 28 36 -0.02 0.02 44 

    36 0.44 0.03 44     

Mean -0.35 0.03 374 Mean 0.43 0.04 485 Mean -0.04 0.03 388 

a Number of repeat measurements of these reference materials by MC-ICP-MS. 

the same instrument, method, and analyst40, 41. Fifteen bottles of 

each reference material (NWU-Fe, NWU-Cu, and NWU-Zn) 

were randomly selected for homogeneity evaluation. Two 

subsamples were taken from each bottle and treated as 

independent samples. Each sample was analysed at least three to 

four times to obtain a single δ value. Results of replicate isotopic 

analyses are represented as Xi1  and Xi2  in Table 2, and the 

average value of duplicate pairs is expressed as Xi. The between-

bottle inhomogeneity was calculated using a single-factor 

ANOVA test. The experimental F ratio is defined as the ratio of 

among-bottle variance ( Samong
2  ) to within-bottle variance 

(Swithin
2 ): 

𝐹 =
𝑆among

2

𝑆within
2                      (4) 

where Samong
2  is the ratio of among-bottle sums of squares 

(SSamong) to the associated degrees of freedom (vamong), and 

Swithin
2  is the ratio of within-bottle sums of squares (SS within) 

to the associated degrees of freedom (vwithin): 

𝑆among
2 = 𝑆𝑆among/𝑣among             (5) 

𝑆within
2 = 𝑆𝑆 within/𝑣within             (6) 

where 𝑣among  and 𝑣within  depend on the number of bottles 

from which samples are taken (m) and the number of replicate 

measurements for each bottle (n), the degrees of freedom 𝑣among 

and 𝑣within are calculated as follows: 

𝑣among = 𝑚 − 1                  (7) 

𝑣within = 𝑚 × 𝑛 − 𝑚                (8) 

Isotopic ratios of between-bottle and ANOVA tests for Fe, Cu, 

and Zn are presented in Tables 2 and 3, respectively. F-testing 

indicates that the homogeneity testing results were insignificant 

5%)40-43, demonstrating that the sulfide powders exhibit excellent 

homogeneity at the 95% confidence level. Detailed measurement 

results are provided in Appendix S1. 

Stability of sulfide reference materials. Stability monitoring was 

also carried out without column chromatography. The long-term 

stability of NWU-Fe, NWU-Cu, and NWU-Zn was evaluated by 

monitoring δ56Fe, δ65Cu, and δ66Zn values over 36 months (Fig. 2; 

Table 4), and the average values of δ56Fe, δ65Cu, and δ66Zn are -

0.35 ± 0.03‰ (2s, n = 374), 0.43 ± 0.04‰ (2s, n = 485), and -0.04  
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Fig. 2 Long-term stability results of Fe, Cu and Zn isotopic compositions 

of (a) NWU-Fe, (b) NWU-Cu and (c) NWU-Zn. Bars represent 2s. 

Table 5. Results of stability tests for NWU-Fe, NWU-Cu and NWU-Zn 

NWU δ56Fe δ65Cu δ66Zn 

b1 -0.00065  -0.00053  -0.00015  

b0 -0.33449  0.43694  -0.04124  

s2 0.00025  0.00042  0.00033  

s 0.01579  0.02045  0.01815  

s(b1) 0.00033  0.00039  0.00036  

t 36 36 36 

t0.95,n-2 2.599 2.606 1.588 

t0.95,n-2·s(b1) 0.00086 0.00102 0.00058 

 

± 0.03‰ (2s, n = 388), respectively. Individual MC-ICP-MS 

analytical results can be found in Appendix S2. To assess stability, 

a linear regression model was employed, as recommended by the 

ISO Guide 35 (2006), expressed as: 

Y=b0+b1X+ε                  (9) 

Here, b0  and b1  represent regression coefficients, b0  is the 

intercept of the regression line, b1 is the slope of the regression 

line, and ε  denotes the random error term. X represents the 

independent variable (time in months), and Y represents the 

dependent variable (e.g., δ56Fe, δ65Cu, or δ66Zn values). By 

conducting regression analysis on the data, the values of b₀ and b₁ 

can be calculated, thereby determining the linear relationship 

between Y and X. The slope of the regression line was calculated 

using:  

b1=
∑ (Xi-X̅)(Yi-Y̅)n

i=1

∑ (Xi-X̅)2n
i=1

             (10) 

and the intercept was determined by: 

b0=Y̅-b1X̅                 (11) 

The standard deviation of a point along the line can be computed 

from s2 and s(b1) as follows: 

s2=
∑ (Yi-b0-b1Xi)

2n
i=1

n-2
              (12) 

s(b1)=
s

√∑ (Xi-X̅)2n
i=1

              (13) 

Using Equation (10) and the appropriate Student’s t-factor for 

(n − 2) degrees of freedom at a 95% confidence level, the critical 

t-values were calculated as t0.95,(n−2) = 2.599 for Fe in NWU-

Fe, 2.606 for Cu in NWU-Cu, and 1.588 for Zn in NWU-Zn. A 

statistical test confirmed that |b1| < t0.95,(n−2) · s(b1), indicating 

that the slope was not significantly different from zero. The 

detailed calculation process can be found in Appendix S3. This 

result demonstrates that the δ56Fe, δ65Cu and δ66Zn values for 

NWU-Fe, NWU-Cu, and NWU-Zn exhibited no statistically 

significant instability over the three-year monitoring period (Table 

5). The findings validate the suitability of these reference materials 

for long-term isotopic measurements. Additionally, the results 

from NWU-Fe, NWU-Cu, and NWU-Zn further confirm their 

homogeneity and reliability, demonstrating great potential as 

reference materials.  

Fe, Cu and Zn isotopic compositions of NWU-Fe, NWU-Cu 

and NWU-Zn. Interlaboratory comparisons among the State Key 

Laboratory of Continental Evolution and Early Life at Northwest 

University (NWU), the State Key Laboratory of Lithospheric and 

Environmental Coevolution at Institute of Geology and 

Geophysics, Chinese Academy of Sciences (IGGCAS), and the 

State Key Laboratory for Nuclear Resources and Environment at 
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Table 6. Iron, Cu and Zn isotopic compositions of NWU-Fe, NWU-Cu and NWU-Zn sulfide powder reference materials, as determined by participating 

laboratories 

Institution/Laboratory Replicates δ56Fe ± 2s δ65Cu ± 2s δ66Zn ± 2s 

State Key Laboratory of Continental 

Evolution and Early Life (NWU) 

1 -0.35 ± 0.03 0.44 ± 0.02 -0.02 ± 0.03 

2 -0.37 ± 0.06 0.45 ± 0.02 -0.03 ± 0.02 

3 -0.36 ± 0.02 0.44 ± 0.01 -0.03 ± 0.01 

4 -0.37 ± 0.02 0.44 ± 0.01 -0.02 ± 0.03 

Mean ± 2s -0.36 ± 0.02 0.44 ± 0.01 -0.02 ± 0.02 

State Key Laboratory of Lithospheric 

and Environmental Coevolution 

(IGGCAS) 

1 -0.40 ± 0.03 0.39 ± 0.04 -0.05 ± 0.03 

2 -0.40 ± 0.03 0.38 ± 0.02 -0.08 ± 0.02 

3 -0.41 ± 0.02 0.39 ± 0.03 -0.04 ± 0.02 

4 -0.39 ± 0.02 0.40 ± 0.02 -0.05 ± 0.07 

Mean ± 2s -0.40 ± 0.01 0.39 ± 0.02 -0.05± 0.03 

State Key Laboratory for Nuclear 

Resources and Environment (ECUT) 

1 -0.37 ± 0.03 0.48 ± 0.02 -0.02 ± 0.02 

2 -0.37 ± 0.01 0.47 ± 0.02 -0.02 ± 0.02 

3 -0.37 ± 0.03 0.48 ± 0.02 -0.03 ± 0.02 

4 -0.36 ± 0.01 0.48 ± 0.02 -0.03 ± 0.02 

Mean ± 2s -0.37 ± 0.01 0.48 ± 0.01 -0.03 ± 0.01 

Grand mean ± 2s  -0.38 ± 0.02 0.44 ± 0.04 -0.03 ± 0.02 

Note: Each laboratory received four aliquots for each reference material (NWU-Fe, NWU-Cu, NWU-Zn) and performed at least four replicate analyses per 

aliquot. Results are expressed as mean ± 2s. All measurements were performed using MC-ICP-MS analysis without column chromatography. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Inter-laboratory comparison of (a) NWU-Fe, (b) NWU-Cu and (c) 

NWU-Zn isotope compositions. Black solid dots indicate the mean of the 

four bottles, error bars are 2s. Reference values were established as the 

unweighted means of inter-laboratory results from three independent 

laboratories. 

East China University of Technology (ECUT) demonstrated 

harmonised results for the reference isotopic compositions, despite 

variations in analytical methodologies. All participating 

laboratories performed MC-ICP-MS without column 

chromatography, following the same direct analysis protocol. The 

resulting isotope ratios are consistent with the reference values 

obtained with column chemistry, confirming the accuracy of the 

without column chromatography method29-31. For 

intercomparison, four aliquots of each reference material (NWU-

Fe, NWU-Cu, NWU-Zn) were distributed to three laboratories 

(NWU, IGGCAS, ECUT). Each laboratory analysed every aliquot 

at least four times by MC-ICP-MS without column 

chromatography. Results (Table 6; Fig. 3) are reported as means ± 

2s, with reference values derived from the unweighted means of 

interlaboratory data. Individual MC-ICP-MS analytical results can 

be found in Appendix S4. 

Figure 3 shows that there are slight systematic differences 

between the Fe, Cu, and Zn isotopic data provided by IGGCAS 

and those from NWU and ECUT. These differences may be 

attributed to two primary factors. First, IGGCAS used a Nu 

Sapphire MC-ICP-MS operating in low mass resolution mode 

(m/Δm ≈ 300), whereas NWU and ECUT employed the Neptune 

Plus in medium mass resolution mode (m/Δm ≈ 5000). The Nu 

Sapphire and Neptune Plus instruments have different designs and 

operational parameters, which can lead to minor variations in 

isotopic fractionation and interference correction. Additionally, the 

lower mass resolution of the Nu Sapphire instrument may result in 

slightly less precise separation of isotopes and potential 

interferences, contributing to the observed differences. Second, the 

sample introduction systems differ between the laboratories. 

IGGCAS employed a 100 µL/min PFA nebuliser, whereas NWU 

and ECUT used 50 µL/min PFA nebulisers. These differences in 
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nebuliser flow rates can result in slight changes in sample 

transmission efficiency and nebulisation characteristics, 

potentially contributing to the observed isotopic variations. 

Overall, these differences are within the acceptable uncertainties 

of the measurements and do not compromise the certified isotopic 

compositions. The high consistency of inter-laboratory results 

validates the analytical precision of participating institutions in 

measuring Fe, Cu, and Zn isotopic ratios. The certified isotopic 

compositions of these reference materials, derived from the 

unweighted means of inter-laboratory results, are as follows: 

NWU-Fe δ56Fe = -0.38 ± 0.03‰; NWU-Cu δ65Cu = 0.44 ± 0.04‰; 

and NWU-Zn δ66Zn = -0.04 ± 0.02‰. 

CONCLUSION 

Three sulfide reference materials, NWU-Fe, NWU-Cu and NWU-

Zn, have been developed for Fe, Cu and Zn isotope analyses 

without column chromatography. These materials are specifically 

designed to validate and monitor direct measurement methods for 

simple-matrix minerals, thereby enhancing the accuracy and 

reliability of Fe, Cu, and Zn isotopic analyses in such minerals. 

Their isotopic compositions were determined by multiple 

laboratories using MC-ICP-MS. These materials exhibit 

appropriate offset values from zero-delta, along with excellent 

homogeneity and stability, making them well-suited for use in 

instrument calibration and analyst training.  

All these reference materials are currently available in large 

amounts for sharing and can be requested by laboratories 

worldwide by contacting Honglin Yuan at the SKLCEEL (e-mail: 

yhlsklcd@126.com). 

ASSOCIATED CONTENT 

The supporting information (Table S1 and Appendix S1-S4) is 
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